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Abstract 
Multi junction solar cells made up of III-V compound semiconductor has not achieved an optimized result yet. Tunnel diode plays 
an important role in the design of a highly efficient multi junction solar cell as it act as an interconnect layer between different sub 
cells. In this work we have investigated the effect of use of wideband gap tunnel diode and the window layer thickness on the 
performance of an InGaP/GaAs dual junction solar cell. The analysis is done under AM 1.5G spectrum using Synopsys Sentaurus 
TCAD. The electrical properties like external quantum efficiency, internal quantum efficiency, short circuit current density, open 
circuit voltage, spectral current density, and reflectance are examined and compared with GaAs tunnel diode solar cell. The 
conversion efficiency of the optimized cell is found to be 33.30 %. 
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1. Introduction 
Presently the developing countries are facing enormous challenges to their growth due to lack of sufficient energy 
supply. The current trends of energy consumption are totally dependent on the non-renewable energy sources which 
are neither secured nor sustainable [1]. Nowadays technologies have a negative impact on the environment which may 
lead to a permanent revolution in the global climate. Also the cost per unit consumption is a big headache for the 
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people of developing countries. So every nation has to focus on the production of clean, secure, sustainable, and 
affordable energy sources. That is in the search of a noble source which can fulfill the entire above discussed lacuna 
of our recent and past technologies. So now governments of many nations have started the search for new renewable 
energy sources and the noticeable choice goes to sun’s energy. It is a free, clean, everlasting, and renewable energy 
source [1]. Everyday 120,000 TW of solar radiation strikes the surface of the Earth, from which 10% efficient solar 
conversion systems, covering 0.16% of the land, can produce 20 TW of power. This is nearly twice the annual global 
energy consumption [2]. Hence we need some challenging technology that can harvest most of the sun’s energy with 
a cost effective way. 
    A tremendous progress in the development of solar power energy is noticed with the fabrication of monolithic 
multi junction (MJ) solar cell based on III-V semiconductor compounds. The first fabrication of AlGaAs/GaAs 
monolithic dual junction (DJ) solar cell in 1985 by Hutchby et al. has influenced many researchers towards the 
development of MJ solar cell [3]. It is difficult to optimize a solar cell experimentally due to its complexity, high cost, 
and time consumption. Simulation model helps to optimize the cell and understanding the main physical phenomena 
and behaviors by reducing the time and cost. The photoactive absorption of a solar cell can be increased by increasing 
the number of P-N junctions [4]. For highly efficient MJ cell a low loss interconnection system is required which 
minimizes the optical and electrical losses in the second and third sub cell. A thin highly doped tunnel junction (TJ) is 
an ideal candidate for connecting the cells monolithically [5, 6]. The key requirements for a TJ in the photovoltaic 
(PV) devices are 1) low optical absorption 2) high peak current 3) low voltage drop [7]. Use of wide band gap material 
as TJ helps the fabricator to fabricate optically transparent TJ. As the band gap of the material increases, the attainable 
tunnel current decreases due to the increased potential barrier height [7, 8]. Some experimental reports on the use of 
AlxGa1-xAs as tunnel junction in the dual junction solar cells motivated us for its significant output [9-14].Yunus Ozen 
et. al had experimentally found that the performance of the cell increases by 48% when AlGaAs tunnel junction is 
used as an interconnect material instead of GaAs [9]. I Garcia et. al investigated that the cell with AlGaAs tunnel diode 
minimizes the series resistance of the cell and also operates under 1000 suns [10]. Chikara Amano et al. had used 
AlGaAs as extended tunnel junction layer and found that for higher ‘x’ the efficiency of the cell increases [12].  
 
According to NREL [16] a dual junction cell showing efficiency 32% the manufacturing cost per watt is $ 5.20 and 
for 35% it is $2.30 per watt which uses a technique namely epitaxial lift off (ELO). As the proposed model not uses 
ELO and the efficiency is reaching 33.3% it is thought that the cost of manufacturing will be within $4.0 per watt. 
 
    Window layer also plays an important role to increase the efficiency of a MJ cell as it reduces the surface 
recombination velocity. Thus the optimization of window layer in the process of design is vital. In this paper, the 
design of InGaP/GaAs solar cell using AlGaAs tunnel diode, and optimization of window layer thickness is reported. 
The result is compared with previously discussed results [17]. The simulation is carried out by using Sentaurus TCAD 
design tool of Synopsys under 100 suns. Here a detail study of external quantum efficiency (EQE), internal quantum 
efficiency (IQE), spectral current density, short circuit current density (Jsc), and total reflectance is reported. 
2. Modeling Process 
The schematic of proposed InGaP/GaAs DJ solar cell is shown in Fig. 1. It consists of an InGaP top cell, an 
AlGaAs/AlGaAs tunnel diode, and a GaAs bottom cell. Here AlInP and InGaP are used as the window layer for the 
top and bottom cell respectively. InGaP is used as the back surface field (BSF) layer for both top and bottom cell. 
Band gap of the top cell and bottom cell varies in between 1.86 ~ 1.9eV and 1.42 ~ 1.435eV respectively [18, 19]. 
The Synopsys Sentaurus TCAD is used to design the cell with its physical parameters such as types of material, their 
compositions, doping concentrations, thickness, etc [20]. For the optimization of the model we have investigated the 
I-V parameters (such as short circuit current density (Jsc), open circuit voltage (Voc)), fill factor (FF), conversion 
efficiency (like EQE, IQE), spectral current density and total reflectance of the cell by changing the TJ from GaAs to 
AlGaAs and by varying the thickness of the top and bottom window layer. The important parameters like refractive 
index, complex refractive index, band gap narrowing, electron and hole mobility, band gap, etc. for the simulation of 
the model are obtained from the material data base of Synopsys Sentaurus TCAD material data base file. The whole 
simulation is carried out under 100 suns AM1.5G (air mass 1.5 Global) of ASTM standard spectra. 
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3. Tunnel Diode 
Tunnel diodes are heavily doped p-n junction that permits a quantum mechanical tunneling through their narrow 
depletion region. It plays a vital role in MJ solar cells for its optical transparency and low resistance nature [21]. 
Tunnel junctions (TJ) are always kept in reverse polarization between two cells to operate in forward bias at the time 
of solar illumination and can help electrons to tunnel through it [4]. 
Tunneling of electron hole pairs (EHPs) plays an important role in the carrier transport. It is of two types i) Band 
to Band tunneling  (Direct transition) ii) Trap assisted tunneling (Transition via traps). In intrinsic materials there 
exists only Band to Band (B2B) tunneling [22]. The B2B model is explained by Kane, in which tunneling of EHPs 
occurs through a potential barrier [20]. 
 
Fig. 1. Schematic diagram of InGaP/GaAs DJ solar cell used in this design 
 
B2B model is further divided into two types i) Local B2B tunnelling ii) Nonlocal B2B tunnelling. For the proposed 
simulation nonlocal B2B technique is used, which considers real spatial carrier transport through barriers [22]. In 
nonlocal B2B model recombination of EHPs occur at different positions, so it is believed that a real carrier transports 
through the barrier. Here the tunnelling principle is governed by the band edge profile and the total tunnelling path 
between the band overlap of the tunnel diode, which makes the tunnelling a non-local phenomena. In general the band 
edge profile has a complex shape and the Sentaurus tool calculates it by resolving the transport equations and the 
Poisson’s equation [20]. Nonlocal B2B tunnelling model calculates the tunnelling probability for an electron between 
two different loci by the use of Wenzel-Kramers-Brillouin (WKB) approximation [20]. For this modelling AlGaAs 
plays a vital role, as here it is used as tunnel diode. In the proposed work the mole fraction(x) of AlxGa1-xAs has been 
considered as 0.6. Wide band gap material stands with more heat and radiation without losing its electrical property 
[23]. One more advantage of wide band gap device is that it achieves higher junction temperature and thinner drift 
regions [24]. Wide band materials also have high thermal stability (λ). So it has a higher capability to remove heat. 
Hence produced heat in the device can be easily transmitted to the case, heat sink and then to the ambient. The material 
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radiates heat to surroundings and helps to reduce device temperature [23]. This characteristic is useful for space 
application. Semiconductor like AlGaAs has two particles viz. photon and phonon that are involved in the generation 
and recombination process. As it requires two particles to inspire an electron from valence band to conduction band, 
the probability of light absorption is less. That is why a thicker layer of indirect band gap material is needed to fully 
utilize the available solar spectrum as compared to direct band gap material [5]. AlGaAs tunnel diode has many more 
advantages few of them are low recombination rate at surface, low absorption coefficient, high minority carrier life 
time, negative tunnelling resistance which helps to produce power and higher peak voltage. 
4. Results and discussion 
Spectral density gives an idea about how the top and the bottom cell responds to different wave length of 
illumination. Variation of spectral density with respect to wave length is shown in Fig. 2 by using different types of 
tunnel diode and optimizing the thickness of the top window layer. For GaAs tunnel diode the photo generated current 
density (Jph basic model), spectral current density of top cell (top Jsc basic), and spectral current density of bottom cell 
(bot Jsc basic) is shown in figure. For AlGaAs tunnel diode it is represented as Jph Tunnel diode, bot Jsc Tunnel and top 
Jsc Tunnel. In similar manner it is shown for optimized window layer by Jph FSF, bot Jsc FSF, top Jsc FSF respectively. 
The top cell of both basic as well as optimized model gives maximum response for the wave length of 350 nm to 700 
nm. While the bottom cell of both the models starts to respond at 500 nm and ends at 900 nm. It is clearly evident 
from the graph that there is a sharp increase in Jph from 650 nm to 900nm. This is due to the use of wide band gap 
tunnel diode which became a transparent layer to the bottom cell and a large amount of photon get absorbed by the 
bottom cell which creates a large number of EHP’s. Also due to high thickness of bottom window the absorption of 
photon increases in the bottom cell. Increase in Jsc of the bottom cell is due to high absorption at bottom cell and low 
recombination at tunnel junction. Increase in Jsc of the top cell is due to the low recombination rate at interface.  
 
Fig. 2. Variation in spectral current density Vs wavelength 
 
Variation in reflectance versus wavelength for GaAs tunnel diode (Basic model), AlGaAs tunnel diode (Tunnel 
diode), and window layer optimization (FSF optimized) is shown in Fig. 3. It is clearly visible from the plot that, for 
AlGaAs TJ there is a low reflectance as compared to the basic model in the bottom cell wavelength spectra. It is 
because of the wide band gap TJ which helps more photon to move towards the bottom cell and get absorbed by the 
bottom cell. Also due to the increase in thickness of bottom window the absorbing capability of bottom cell increases. 
 
Quantum efficiency refers to the percentage of absorbed photons that produces electron-hole pairs [25]. EQE is the 
percentage of photon being collected as charge carriers when the sun is shining on the cell from outside. EQE at a 
given wavelength λ is defined as [4] 
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 Where 
Jsc (λ) = Photo generated short circuit current density. 
ϕ (λ) = Photon flux of the corresponding incident light. 
q = elementary charge. 
 
 
Fig. 3. Variation in reflectance Vs wavelength 
 
Variation of EQE versus wavelength, for different TJ, and optimized window layer is shown in Fig. 4. Here a 
significant increase in both top and bottom cell is noticed. As from Fig. 2 it is evident that Jsc (λ) increases for both 
top and bottom cell and Φ (λ) remains constant, so EQE of the cell increases.  
In tandem solar cell IQE analysis is used to find the minority carrier life time, diffusion length, and surface 
recombination velocity of the top and bottom surface of the cell. IQE can be calculated from EQE by using the bellow 
relationship [4] 
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Where ∆Jsc is the increment in short circuit current generated by a solar cell for incident incremental photon flux 
of ο߶ሺߣሻ at wavelength λ, R(λ) and T(λ) are reflectance and transmittance of solar cell. 
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Fig. 4. Variation in EQE Vs wavelength 
 
Fig. 5. Variation in IQE Vs wavelength 
 
Variation in IQE versus wavelength, for different type of optimizations like tunnel diode optimization and window 
layer optimization is shown in Fig. 5. It is clearly evident from the graph that the IQE reaches 100% for the optimized 
structure. Due to the indirectness property of TJ layer, recombination of minority carrier decreases and hence the 
carrier life time increases. So it increases the IQE of the cell. 
An important parameter like Jsc can be calculated for MJ solar cell [4] by utilizing the EQE of the cell. 
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Where Jsc is short circuit current density, λ is wave length, ϕ(λ) is photon flux of the corresponding incident light, and 
q is the elementary charge. 
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Fig. 6. Variation in short circuit current density Vs bias voltage 
Changes in short circuit current density versus bias voltage for different types of optimization like tunnel diode, and 
window layer optimization is shown in Fig. 6. An improvement in Jsc and Voc is noticed when AlGaAs TJ is used 
instead of GaAs TJ. Voc increases because of the wideband gap TJ, as it has a large barrier height compare to GaAs 
TJ. Due to the transparent nature of the TJ the absorption in bottom cell increases, which increases the EHP’s 
generation. For which a noticeable change in Jsc is observed. Again when the window layer thickness of top cell 
decreases and bottom cell increases the absorption capability of the bottom cell increases, which leads to higher EHP’s 
generation. Hence a further increase in Jsc is observed. The changes in different parameter of the cell due to the above 
optimization are shown in a tabular form in Table. 1. 
 
Table 1.Comparison of different parameter of the cell due to different kind of changes to the structure 
Different types of 
optimization 
Photo generated current 
density, Jph (mA/cm2) 
Short circuit current 
density, Jsc (mA/cm2) 
Open circuit 
voltage ,Voc 
(V) 
Fill factor, FF 
(%) 
Efficiency, Eff 
(%) 
Ref [15] _ 14.18 2.37 88.22 29.62 
Ref [10]  _ _ 2.76 _ 32.6 
Ref [17] 2866 1245 2.547 90.77 28.77 
Proposed model 2870 1331 2.692 91.41 32.75 
Optimized proposed 
model 
2876 1354 2.693 91.35 33.3 
 
5. Conclusion 
From this simulation it is concluded that wide band gap tunnel diode and window layer optimization can 
significantly improve the performance of InGaP/GaAs DJ solar cell. Both the changes to DJ cell helps in maximizing 
the Jsc, Voc, FF, Eff. As the TJ changes from GaAs to AlGaAs the efficiency increases from 28.77 to 32.75%. Again 
when the window layer thickness is optimized, the efficiency shifts to 33.3%. If we further increase the thickness of 
bottom window the efficiency starts to decrease which is shown in Table. 1. This analysis will help the researchers 
for further development in DJ cell efficiency in future. 
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